We conducted a comprehensive modelling study to estimate future stem wood production and net ecosystem production (NEP) of Pinus radiata D. Don plantations in south-western Australia, a region that is predicted to undergo severe rainfall reduction in future decades. The process-based model CenW was applied to four locations where it had previously been tested. Climate change scenarios under four emission scenarios for the period from 2005 to 2066 were considered, in addition to simulations under the current climate. Results showed that stem wood production and NEP were little affected by moderate climate change. However, under the most pessimistic climate change scenario (Special Report on Emission Scenarios A2), stem wood production and NEP decreased strongly. These results could be explained by the trade-off between the positive effect of rising atmospheric CO 2 on plant water use efficiency and the negative effects of decreasing rainfall and increasing temperatures. Because changes in heterotrophic respiration (R H ) lagged behind changes in plant growth, and because R H rates were increased by higher temperatures, NEP was more negatively affected than stem wood production. Stem wood production and NEP also strongly interacted with location, with the site currently having the wettest climate being least affected by climatic change. These results suggest that realistic predictions of forest production and carbon sequestration potential in the context of climate change require (1) the use of modelling tools that describe the important feedbacks between environmental variables, plant physiology and soil organic matter decomposition, (2) consideration of a range of climate change scenarios and (3) simulations that account for a gradual climate change to capture transient effects.
Introduction
Under carbon trading systems to support international agreements such as the Kyoto Protocol, simulation models will become essential tools to assess the future carbon uptake potential of different ecosystems and to define environmental policies. In particular, using tree planting as part of greenhouse gas mitigation strategies requires models as predictive tools. However, the different environmental variables that drive productivity (CO 2 , temperature and rainfall) can interact with each other and with numerous other ecological processes, making climate change impact assessment on forest productivity and carbon budget a challenging task.
Changes in air temperature, atmospheric CO 2 and rainfall can affect plant physiology and soil processes, and in turn wood production and carbon storage capacity in both biomass and the soil (Ward and Strain 1999, Lal 2005) . A decrease in rainfall alone can have a negative effect on growth rates. Higher CO 2 levels stimulate plant growth (Curtis and Wang 1998, Ward and Strain 1999) . A higher temperature can increase soil organic matter (SOM) decomposition rate and thereby can deplete soil carbon stocks. But this can also accelerate nitrogen (N) mineralization, and thus stimulate plant growth (Kirschbaum 1999b , Prentice et al. 2000 . Plant productivity also influences SOM dynamics through litter input. Moreover, increased temperature can increase potential evapotranspiration and lead to more water stress. The combined effects of changes in rainfall, temperature and CO 2 concentration on whole systems, such as tree plantations, are thus highly complex and can only be studied through comprehensive models that include the whole range of primary effects as well as secondary feedback effects. This is further complicated by the extent of future climate change which depends largely on future greenhouse gas emissions that are affected by nations' present and future environmental policies. A range of emission scenarios were proposed by the Intergovernmental Panel on Climate Change (IPCC) in the Special Report on Emission Scenarios (SRES) (IPCC 2000) and those scenarios lead to strong variations in future climate projections (IPCC 2007) .
In south-western Australia, rainfall has decreased markedly since the mid-1970s, and climate models predict further decreases in the next decades, along with higher temperatures (Indian Ocean Climate Initiative (IOCI) 2004, Ryan and Hope 2005) . This region has a strong Mediterranean climate, so that the amount of seasonal winter rainfall is critical for plants to grow and survive through the dry summer season. This area is therefore potentially particularly vulnerable to climate change. Pinus radiata D. Don is one of the main tree crops used in south-western Australia and is increasingly being planted on previous pastures to provide ecological services in addition to producing wood. In a previous paper (Simioni et al. 2008) , the process-based model CenW (Kirschbaum 1999a ) was parameterized and tested on seven P. radiata plantation sites in south-western Australia, after which it was used to investigate the effects of the decrease in rainfall that has occurred in the region since the mid-1970s. The model predicted that the rise in atmospheric CO 2 largely compensated for the reduced water availability, except for one site where pines grew on a coarse sandy soil. However, those recent changes are small compared to future changes predicted by climate models for southwestern Australia. Under the most pessimistic greenhouse gas emission scenario, winter temperature is projected to increase by up to 5.5°C, while winter rainfall may decrease by up to 60% by 2070 compared to the period 1960 -1990 (IOCI 2004 .
This work aimed at (1) assessing the impact of future climate change on the wood production and net ecosystem production (NEP, photosynthesis minus plant and heterotrophic respirations (R H ) or the net change in the sum total of all carbon pools) of P. radiata plantations in southwestern Australia and (2) highlighting the mechanisms behind the predicted effects. We ran the comprehensive, process-based model CenW on four plantation sites that represent contrasting bioclimatic conditions, using five climate scenarios (including current climate) differing in the extent of temperature, rainfall and atmospheric CO 2 changes, and two previous land uses (previous P. radiata plantations or previous pastures).
Materials and methods

Study sites
Based on the work of Simioni et al. (2008) , four sites, named DU222, DU224, SC02 and SC22, were selected that are representative of P. radiata growing conditions in south-western Australia. All sites had originally been covered by native forest until it was replaced either by P. radiata plantations (sites DU222, DU224 and SC02) or by pasture (SC22). Three other sites had been used for model evaluation (Simioni et al. 2008 ). On one site, the model did underestimate tree growth, probably because of the presence of a water table that was not accounted for in the simulations. This site was not used for this study. Two other sites were excluded on the grounds of redundancy in terms of climatic and soil conditions. The four selected sites represent contrasting characteristics, such as soil and climatic conditions, and responses to the recent shift in rainfall in the region (Table 1) . Table 1 . Main features of the four sites selected for this study. 
The CenW model
CenW (Kirschbaum 1999a ) is a process-based forest growth model that simulates the fluxes of carbon and water, the interception of solar radiation and the dynamics of nitrogen cycling through plant and SOM pools. CenW runs on a daily time step. Photosynthesis is calculated from light absorption, air temperature, atmospheric CO 2 concentration, water stress, foliar nitrogen concentration and any foliage damage due to frost or scorching temperatures during preceding days. In this study, plant respiration rate was calculated as a constant fraction of photosynthetic carbon gain.
There are distinct plant carbon and nitrogen pools for stems (sapwood, heartwood and bark), branches, foliage, coarse roots, fine roots, pollen and fruits. Partitioning of carbon and nitrogen to different plant pools is determined by plant nutrient status, tree height and species-specific allocation factors. Average height and stem diameter at breast height are computed from stem mass using allometric relationships.
Water use is calculated using the Penman-Monteith equation, with canopy resistance given by the inverse of stomatal conductance, which, in turn, is linked to calculated photosynthetic carbon gain using the Ball-Berry relationship. Water is lost by transpiration, soil evaporation and, under wet conditions, deep drainage.
Nitrogen input can come from a constant rate of atmospheric deposition, fertilizer addition, mineralization during SOM decomposition or symbiotic nitrogen fixation. Decomposition rate is determined by temperature, soil water status and SOM quality in a modified formulation (Kirschbaum and Paul 2002 ) of the CENTURY model (Parton et al. 1987) .
The nitrogen cycle is closed through litter production by the shedding of plant parts, such as roots, bark, branches and, most importantly, foliage. Organ senescence rates are assumed to be constant fractions of live biomass pools. In addition, foliage and fine root senescence rates increase during drought or, in the case of foliage, when the canopy becomes too dense. Litter is then added to the organic matter pools from where carbon is eventually lost and nitrogen becomes available as inorganic mineral nitrogen. Some soil nitrogen is lost by volatilization in the mineralization of organic nitrogen, which is taken as a constant fraction of mineralized nitrogen (Parton et al. 1987) . All mineralized nitrogen is assumed to be taken up by plants (up to a certain limit set by maximum N concentrations in plant tissues) apart from a fraction that may be leached on days with excess soil water.
The Version 3.1 of CenW was used in this study. It can simulate a forest fire, based on user-defined inputs for each fire event (the date; fraction of trees killed; amount of foliage killed; amount of foliage, wood and litter that burns; and the proportion of nitrogen in the burnt parts that remains in the ashes and is made available to plants as mineral nitrogen). Fire was used for the spin-up phase under the original native vegetation. In addition, CenW includes features necessary to simulate a forest plantation such as irrigation, fertilization and thinning options.
The model and its source code are available at http:// www.kirschbaum.id.au/Welcome_Page.htm, with a full list of relevant equations available at http://www.kirschbaum. id.au/CenW_equations.pdf.
Model evaluation
In previous studies, CenW was used to successfully predict observed patterns of soil moisture, foliar nitrogen concentration, litter fall, leaf biomass and woody biomass of a P. radiata plantation (BFG site, Kirschbaum 1999a), and carbon isotope discrimination (Balmoral Forest, New Zealand, Simioni et al. unpublished) . It has also been used to study the growth of P. radiata as well as the changes in soil carbon and nitrogen following reforestation of a former pasture site . In an earlier study, CenW was parameterized and tested for seven P. radiata plantation sites in south-western Australia (Simioni et al. 2008) . The model reproduced temporal variations of diameter increment and soil moisture in a satisfactory manner, except for one site, for which we suspected that trees had access to a water table, a feature not accounted for in CenW. We discussed extensively about the model accuracy for P. radiata plantations in south-western Australia in Simioni et al. (2008) .
Climate data
All past climate data used in this study (interpolated daily rainfall, minimum and maximum temperatures and total radiation) were provided by the DataDrill system (Queensland Government, Department of Natural Resources and Mines, Australia).
Predicted temperature and rainfall changes across southwestern Australia for the years 2030 and 2070 were provided by CSIRO Marine and Atmospheric Research, and are summarized in a research report of the IOCI (IOCI 2004) . They correspond to an amalgamation of the predictions of nine climate models run for a range of greenhouse gas emission scenarios. Initially, the IOCI analysed the simulations from 19 global and regional climate models over south-western Australia. Models were selected by the IOCI on their ability to predict a number of variables such as mean sea level pressure, precipitation and temperature (IOCI 2004) . The emission scenarios belonged to two families. Special Report on Emission Scenarios were proposed by the IPCC SRES in 2000 (IPCC 2000) , while the WRE scenarios correspond to emissions leading to the stabilization of atmospheric CO 2 (Wigley et al. 1996) . Available data were changes in temperature and rainfall under scenarios WRE 550, WRE 450 (stabilization of atmospheric CO 2 at 550 and 450 ppm, respectively), SRES A2 and SRES mean. Predicted changes in the rainfall under the SRES mean scenario correspond to the average of climate model predictions for the whole of the SRES scenario family. Those four scenarios range from very pessimistic (SRES A2) to optimistic (WRE 450) ( Table 2) .
We used a current climate scenario for each site, based on the observed climate data, to which anomalies of rainfall (% change) and temperature (absolute change in°C) predicted by climate models under the above-mentioned scenarios were superimposed. Therefore, the derived climate change scenarios retained the inter-and intra-annual climate variability contained in the original data, including the temporal distribution of rainfall events throughout the years.
However, defining current climate is problematic because the climate of Western Australia has already changed. Rainfall changes in south-western Australia since the mid1970s (Ryan and Hope 2005, Timbal 2006 ) together with the increase in atmospheric CO 2 are likely to have already impacted pine growth (Simioni et al. 2008) . We ran five simulations on the DU222 site with five different climate files. One climate file was the original interpolated climate data (i.e., 'observed' climate) for the 1975-2005 period. The other four files were based on the same climate data, but the years were randomly redistributed. Site initial conditions (i.e., initial soil carbon and nitrogen pools, and initial soil water) were set as in Simioni et al. (2008) and reflect the land use at site DU222 before plantation establishment. The NEP of a 30-year rotation varied by about 10% depending on the climate sequence. The unmodified sequence led to the lowest growth and NEP, due to the effect of the trend towards decreasing rainfall. To avoid possible artefacts due to that trend, the random sequence providing the average response was selected as the reference 'current climate'.
Temperature and rainfall were assumed to change linearly between 2005 (start of our simulations) and 2030, and between 2030 and 2070, and the changes were superimposed on the synthetic 'current climate' files. We used transient changes in atmospheric CO 2 corresponding to the four emission scenarios.
Simulation design
In addition to the four sites and five climate scenarios (current plus four climate change scenarios), two initial conditions were considered: previous pasture or previous plantation. In Western Australia, due to government regulation, tree plantations can now only be established on sites already used as plantations or as pastures. The initial conditions of ex-pasture and ex-plantation are very different in terms of initial nutrient availability, which can strongly influence tree growth.
Current standard management practice was used for all simulations:
-Initial planting density was 1100 stems per hectare. -Stands were thinned down to 600 stems per hectare at age 15, and down to 250 stems per hectare at age 22, with a final harvest at age 30. -Fertilizer was applied at planting (31 kg N ha Two successive rotations were simulated across all treatments, with a 1-year fallow in between, thus covering a total of 61 years from July 2005 to June 2066. At each harvest, it was assumed that stem wood and bark biomass were removed from the stand, while branches and leaves were left on the ground, and coarse and fine roots remained in the soil. All this organic material was incorporated into the relevant SOM pools. During the 1-year fallow between rotations, all the remaining above-ground organic material was burnt.
To better understand the effects of climate change, additional simulations were performed for which we applied changes to only one environmental variable, air temperature, rainfall or atmospheric CO 2 .
SOM pools initialization
In most situations, the initial soil organic carbon and nitrogen pools need to be estimated. This is done through running the model for past conditions with historical climate data until equilibrium, and then running for conditions before that of the period of interest.
Details of this initialization process are given in Simioni et al. (2008) . Typically, this meant running CenW for the native eucalypt forest until it was cleared and planted with pines or converted to pasture. In this study, initial conditions were obtained by running CenW for the native Eucalyptus marginata forest up to 1974 and then for either a 30-year P. radiata plantation (ex-plantation) followed by a 1-year fallow or a 31-year pasture (ex-pasture).
Parameterization for P. radiata
All parameter values were the same as had been used for the evaluation of the model on the same sites (Simioni et al. 2008) , i.e., allometric parameters came from measurements made in local P. radiata stands, soil water parameters were set according to local soil conditions and other plant parameters were the same as had been used for the original P. radiata parameterization of CenW (Kirschbaum 1999a). 
Model outputs
CenW outputs include a large number of variables dealing with carbon, water and nitrogen pools and fluxes, for both trees and soil. In the following, we refer to fast and slow decomposing soil carbon. The fast decomposing soil carbon comprised pools with decomposition rates of more than 1% day
À1
, while the slow decomposing soil carbon comprised pools with decomposition rates of less than 0.22% day À1 (the model does not consider pools with decomposition rates between 0.22% and 1% day
).
Predicted effects of climate change
Under the current climate, forest productivity varied strongly with site, previous land use and rotation (Figure 1 ). Predicted stem wood production (defined as the combined amounts of stem sapwood and heartwood) and NEP were higher at the wetter sites. Plantations that were established on ex-pasture soil were more productive than those grown on ex-plantation soil. This difference between previous land uses was greatly diminished for the second rotation. Ex-pasture soils provided trees with more N in fast decomposing SOM (Table 3) , and this explains the higher productivity predicted on ex-pasture soil for the first rotation. This extra nitrogen was almost completely used up by the first rotation so that the amount of N in fast decomposing SOM pools was only marginally higher on ex-pasture soil at the start of the second rotation (Table 3) . Predicted trends were similar for stem wood production and NEP. Harvested stem wood after thinning and at the end of each rotation was counted as part of NEP, while carbon emission associated with the burning of organic material between rotations was included only in the total NEP (i.e., for the 61 years covered by the two rotations). Carbon loss through burning was proportional to productivity and ranged from 25.7 t C ha À1 (ex-plantation SC22 site under SRES A2 scenario) to 60.8 t C ha À1 (ex-pasture SC02 site under WRE 550 scenario). While previous land use had an effect on wood production and NEP (Figure 1) , it had little effect on the predicted relative response of stem wood production and NEP to the different climate change scenarios (data not shown). In most of the subsequent figures, we therefore only show the average effects combining the results from the two previous land uses. The response of stem wood production, transpiration and NEP to climate change varied with climate scenario, rotation and site ( Figure 2 ). As climatic changes were imposed gradually, the response of forest growth was more pronounced during the second rotation. The largest effect occurred under scenario SRES A2, which negatively affected both stem wood production and NEP at all sites. This negative effect was much more pronounced for the second rotation and tended to be stronger for drier than wetter sites. Over the second rotation, stem wood production was reduced by about 30% at site DU222 and by nearly 40% at site SC22. Other climate change scenarios led to only slight changes, which could be either positive or negative and became more pronounced at the second compared to the first rotation. Again, effects tended to be more negative at drier sites, like SC22. Changes in NEP followed the same trends as those in stem wood production, although NEP tended to be more negatively affected. Maximum and minimum stem wood production and NEP were achieved under climate change scenarios WRE 550 and SRES A2, respectively, at all sites. Table 4 summarizes the uncertainty of predicted stem wood production and NEP associated with climate change scenarios.
As could be expected, the driest site (SC22) was the most sensitive to climate change and the wettest site (SC02) was the least affected. The two other sites showed intermediate responses, confirming that the drier the initial climate, the faster the negative effect of reductions in rainfall.
We found no interaction between previous land use and its associated differing fertility levels and the effects of climate change. Other studies have shown that the extent to which climate change effects can be expressed can depend on nutrient supply (Kirschbaum 1999b , McMurtrie et al. 2000 , Clein et al. 2002 , Kirschbaum et al. 2003 . CO 2 stimulated increases in productivity can induce intensifying nutrient limitations (e.g., McMurtrie et al. 2000) to limit overall responsiveness to rising CO 2 levels. Increasing temperature, on the other hand, tends to stimulate organic matter decomposition and its associated nutrient mineralization, so that warming can act to overcome nutrient limitations (e.g., Kirschbaum 1999b). In our simulations, it is possible that the effects of increases in both CO 2 and temperature on nutrition cancelled each other. It seems more likely, however, that the small effect of soil fertility is due to the fact that differences in nutrient availability between previous land uses occurred mainly during the first rotation (Table 3) , while climate change effects took place mainly during the second rotation ( Figure 2) .
As opposed to wood production and NEP, transpiration decreased under all scenarios including those for which productivity increased, with the largest reduction under scenario A2. Overall, the response of transpiration was always more negative than that of wood production, reflecting increased water use efficiency (WUE, defined here as the ratio of net primary production, NPP, to plant transpiration) in response to climate change (Figure 3) . Predicted WUE under current climate ranged from 1.5 to 2 g C l H 2 O À1 , depending on the site. Increasing WUE allowed greater carbon gain per unit of water received in rainfall. This improvement in WUE was much larger for the second rotation than for the first. It depended on the site, with the maximum enhancement at the driest site SC22, and increased with climate change severity. It reflected the greater water stress experienced on the drier sites that pushed trees towards higher WUE (Korol et al. 1999 ). The highest increase in WUE occurred without any concurrent increase in productivity, meaning that reduced rainfall forced a reduction in transpiration, but with WUE improvement by elevated CO 2 , tree productivity did not decrease as much as transpiration.
Our results suggest that stem wood production of P. radiata in south-western Australia could be roughly maintained at current levels under moderate climate change, but would decrease significantly under severe climate change. The relative constancy under moderate climate change was due to the opposite effects of the changing environmental variables. This can be seen from simulations in which the different components of climate change were separated (Figure 4) . Decreasing rainfall had a negative effect on plant growth by increasing the periods of water stress. Increasing temperature alone led to increased water stress and could occasionally damage plant tissues. Those effects were generally stronger for drier sites, for the second rotation and for scenario SRES A2. Under moderate climate change, the positive effect of CO 2 counterbalanced the negative effects of increasing temperatures and decreasing rainfall. Under severe climate change (scenario A2), the benefit of higher CO 2 was not sufficient to counterbalance the negative effects of changes in rainfall and temperature, but still reduced their impact.
In our simulations, SOM pools were also affected by climate change. The amount of carbon in SOM was reduced under all scenarios, with the effects being stronger for the second rotation and for drier sites ( Figure 5 ). The biggest reduction occurred under scenario A2, the smallest under scenario WRE 550. Those trends could be explained by changes in SOM decomposition rates or by changes in litter input related to changes in NPP or by both.
The decrease in SOM C is consistent with the response of NEP to climate change tending to be more negative than that of wood production. This was particularly apparent in the variations of the ratio of NPP to heterotrophic respiration (R H , originating from SOM decomposition) with climate change (Figure 6 ). The NPP/R H ratio decreased with climate change. The effect was stronger for the second rotation and was particularly important under the SRES 
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TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org A2 scenario. Other climate change scenarios led to a more moderate decrease in the NPP/R H ratio compared to current climate. R H is a function of SOM quantity, SOM quality (i.e., proportion of fast decomposing organic matter), soil temperature and soil moisture. R H can change if decomposition rates are modified in response to changes in temperature or soil moisture, if SOM quality changes or if litter input is modified. The SOM quality can be modified as a result of changing NPP or as a result of prior changes in R H that removed greater or lesser amounts of a particular substrate during previous time steps. Ultimately, trends in R H cannot be interpreted separately from trends in NPP, as SOM turn-over largely depends on litter input.
As for changes in SOM C, changes in the NPP/R H ratio could be explained by changes in R H and/or changes in NPP. Figure 7 shows that changes in the predicted SOM decomposition rates (i.e., ratio of R H to SOM C) resulted from the contrasting impacts of increasing CO 2 (positive effect through increased litter input), decreasing rainfall (negative effect through decreased litter input and reduced soil moisture) and increasing temperature (positive effects through increased soil temperature). When those changes occurred together, the overall effect was positive and higher for wetter sites. Figure 3 . Predicted relative changes in average plant WUE of two successive P. radiata rotations at four sites in response to four climate change scenarios, compared to current climate. Bars represent average changes combining ex-plantation and ex-pasture land uses. WUE is defined here as the ratio of net primary productivity to plant transpiration.
were the greatest. After 10 years, NPP was lower under scenario SRES A2 than under the current climate and the difference increased over time, except on two occasions during the first half of the second rotation (those brief periods of NPP improvement correspond to years with annual rainfall above average, for which the higher WUE more than compensated the decrease in rainfall). R H under scenario SRES A2 only consistently went below its value under current climate during the second half of the second rotation ( Figure 8A ). To understand this pattern, we looked at the temporal variations of fast and slow decomposing soil carbon pools. The response of fast decomposing soil carbon to scenario SRES A2 was similar to that of NPP for the first rotation and then followed roughly the same pattern as NPP but with a delay of several years. Fast soil carbon was never higher under scenario SRES A2 than under current climate for that site. Slow decomposing soil carbon also responded negatively to scenario SRES A2, but to a lower extent than fast decomposing soil carbon, and with a much more regular pattern. The pattern of variations in the R H response roughly matched that of the fast decomposing soil carbon ( Figure 8B ). Figure 9 illustrates the same mechanism in a contrasting situation, for site SC02 under scenario WRE 550, for which the reduction in the NPP/ R H ratio was the smallest. It shows that variations in R H were concurrent to variations in the amount of fast decomposing SOM, and that variations in the fast decomposing SOM lagged several years behind those of NPP. Our simulations therefore suggest that, in addition to increased SOM decomposition rates, there was a delay before changes in NPP would translate into changes in R H , through modified litter input.
Discussion
Future tree growth will depend on interactions between changes in CO 2 , rainfall and temperature CO 2 , rainfall and temperature have different effects on plant productivity depending on location and ecosystem type. For instance, in boreal forests, a future decrease in rainfall may be of little consequence because the simultaneous increase in temperature could increase the length of the growing season (Girardin et al. 2008) . In a comprehensive modelling study of the response of French forests to climate change, Lousteau et al. (2005) found that expected decreases in rainfall would increase water stress, but that this would be counteracted to varying degrees by rising temperature, which had a positive effect by lengthening the growth period, and by rising atmospheric CO 2 , which stimulated photosynthesis and increased WUE. Overall, predicted trends in the response of terrestrial ecosystem NEP to climate change are very diverse (Cramer et al. 2001 ). In our simulations, both the increase in temperature and the decrease in rainfall had negative effects. The negative response of P. radiata to increased temperature is not surprising as this species is considered to be grown at the upper limit of its inferred optimal temperature range in Australia (Booth and McMurtrie 1988) , although the effect of decreasing rainfall was much stronger. On the other hand, increasing CO 2 had a positive effect on growth by improving WUE. This fertilizing effect of CO 2 is well documented, and has been largely discussed in the literature (e.g., Kirschbaum 1999b . Numerous studies have shown that plants grow better in elevated CO 2 (Kimball 1983 , Luxmoore et al. 1993 , Luo et al. 2006 , including plants grown in 'free air CO 2 enrichment' experiments (Garcia et al. 1998 , Gunderson et al. 2002 , Norby et al. 2005 . According to Saurer et al. (2004) , WUE increased by an average of 19.2% in northern DU222 DU224 SC02 SC22 Figure 7 . Predicted relative changes in SOM decomposition rates (SDRs, the average ratio of daily heterotrophic respiration to total SOM C) of two successive P. radiata rotations at four sites in response to individually changing either atmospheric CO 2 , rainfall or temperature, or to changing all variables simultaneously, compared to current climate. Applied changes were taken from climate change scenario SRES A2. Previous land use was pasture. Time (y) Figure 9 . Temporal variations at site SC02 in the ratios between simulation outputs under climate change scenario WRE 550 and under current climate. Legend is as in Figure 8 . Eurasia trees over the last 100 years as a result of the increase in atmospheric CO 2 . Our results are also consistent with our previous study on the effects of recent climate change on P. radiata at the same sites (Simioni et al. 2008) and with the predictions of Magnani et al. (2004) for P. radiata plantations in Italy. This positive effect of increasing CO 2 counteracted to varying degrees the negative effects of decreasing rainfall and increasing temperature, and explains that maximum stem wood production was achieved under scenario WRE 550 at some sites, despite moderate decreases in rainfall and increases in temperature.
NEP will depend on variations in the NPP/R H ratio
Our simulations show that in south-western Australia, as climate change intensifies, the NPP/R H ratio could decrease. This is contrary to some previous suggestion that this ratio could be stable (Arneth et al. 1998 ), but is consistent with a number of other studies (e.g., Magnani et al. 2004 , Piao et al. 2008 . Results of Magnani et al. (2004) implied a decrease in the NPP/R H ratio with climate change, as they predicted that plant productivity of three P. radiata plantation sites would increase with climate change but that NEP would remain at the current level. Piao et al. (2008) found that for northern ecosystems, gains in plant photosynthesis were counteracted by increases in ecosystem respiration due to autumn warming.
The difference in the responses of NPP and R H could have important consequences as it defines the forest's carbon sequestration potential. In our simulations, SOM decomposition rates increased with climate change, but the time needed before the changes in NPP in response to climate change were translated into changes in R H also affected the NPP/R H ratio. The latter mechanism is little discussed in climate change studies. Yet in tree stands, several years can elapse before the carbon assimilated by plants is transferred to SOM pools through tissue senescence, plant death, and, in the case of plantations, thinning events. This time lag between carbon uptake through photosynthesis, the transfer of that carbon to the soil litter and its subsequent decomposition is particularly long for slow decomposing tissues such as wood, but is still significant for fast decomposing material such as needles, on which R H is primarily dependent. Janssens et al. (2001) highlighted the close relationship between plant productivity and soil respiration. They found that for a range of European forests, total soil respiration was more closely related to gross primary productivity than to soil temperature because root respiration depended on biomass allocation to roots, and because R H was strongly dependent on litter input. Their results were obtained from the measurements on current forests, while our simulations warn that in a changing environment, the relationship between NPP and R H may not be stable. Because of the delay between changes in NPP and their effects on R H , as well as the increased SOM decomposition rates, the NEP/NPP ratio decreases with climate change. This means that the potential of planting trees for mitigating greenhouse gas emissions would be reduced over time.
Future forest management and modelling issues
We investigated climate change impacts on P. radiata plantations in south-western Australia under current standard silvicultural management. Overall, our simulations suggest that stem wood production and NEP will be little affected by climate change until about 2035. But our results raise concerns about the long-term carbon storage capacity of P. radiata plantations under severe climate change. We found that long-term productivity and NEP under current standard management were critically dependent on the extent of climate change, especially at drier sites. And those predictions should be considered 'optimistic' as a number of potentially important aspects were not included in our simulations. Disturbances such as forest fires or other stress-induced tree mortality can strongly affect forest carbon sink capacity (Kurz et al. 2008 , McDowell et al. 2008 ). CenW does not currently include drought-induced mortality, but with the expected severe rainfall reductions in south-western Australia, significant tree death could represent an additional important factor reducing even more overall stand productivity. There is thus a danger that ultimate impacts could be worse than even the significant reductions in productivity and NEP shown in this study.
Management strategy can be adapted to optimize forest NPP and NEP (Schmid et al. 2006 , Seidl et al. 2007 ). In particular, adequate thinning can contribute to reduce water stress (McJannet and Vertessy 2001, Simonin et al. 2007) . Clearly more work is needed to investigate alternative management practices and tree species performance in the context of climate change. But to anticipate the impacts of climate change and investigate the efficiency of any management strategy, accurate simulation methods must be put into place.
There is a large range of forest models available (see Porte´and Bartelink 2002 for a non-exhaustive list), that include or not, and to various degrees, the effects of changing CO 2 , temperature and water availability. Ignoring the CO 2 fertilization effect is likely to yield overly pessimistic predictions. Other authors have already highlighted this, such as Cramer et al. (2001) . Models that do not describe R H explicitly may yield biased NEP predictions. Several studies (Kirschbaum 2004 , Knorr et al. 2005 , Rey and Jarvis 2006 concluded that models that divide SOM into different pools with distinct decomposition rates were the most relevant for predicting climate change effects on R H .
Including the interactions between the main environmental variables involved in climate change (CO 2 , temperature and rainfall) is paramount. Many modelling studies have focused on studying the effects of a specific factor such as atmospheric CO 2 , rainfall or temperature (e.g., Wang and Polglase 1995 , Thornley and Cannell 1996 , Talkkari 1998 , or on comparing contrasted conditions such as doubled versus current CO 2 levels (e.g., Rathgeber et al. 2003) . Some included simultaneous changes in climate variables, but focused on comparing a single climate change scenario versus current climate (Karjalainen et al. 2002 , Magnani et al. 2004 , Lousteau et al. 2005 , Girardin et al. 2008 . Some recent studies using sophisticated modelling tools still use current climate to predict future forest productivity and carbon stocks (Seidl et al. 2007 , Paul et al. 2008 . But assessing the impacts of a range of emission scenarios is critical. Future climate is dependent on future greenhouse gas emissions, a largely unknown factor at this time. In our simulations, the SRES A2 scenario had the most negative impact, but for two sites, the highest NPP and NEP were obtained under scenario WRE 550 rather than the current climate. In some regions, climate change is predicted to have a positive impact on forest carbon stocks or NPP (e.g., Karjalainen et al. 2002 , Su et al. 2007 ). This shows that the best and worst outcomes do not necessarily correspond to the lowest and highest climate change severity. In addition, climate change is taking place progressively, and many of the feedbacks described above also take place progressively. It is therefore important that the gradual effects of climate change be taken into account when investigating forest carbon sequestration potential.
Integrating all the factors mentioned above presents significant challenges, and there is a concerning lack of modelling studies that attempted to do so. The difficulties involved should not prevent us from using the best currently available models and climate predictions, as there is an urgent need to define standard methods for predicting future forest carbon budgets to support decision making.
